a Objective: Although bone marrow, liver, thymus (BLT)-humanized mice provide a robust model for HIV-1 infection and enable evaluation of cure strategies dependent on endogenous immune responses, most mice develop graft versus host disease (GVHD), limiting their utility for extended HIV cure studies. This study aimed to: evaluate the GVHD-resistant C57 black 6 (C57BL/6) recombination activating gene 2 (Rag2)
Introduction
A major barrier to the development of a cure for HIV-1 is the persistence of a reservoir of latently infected cells that is not eliminated by antiretroviral therapy (ART). Efforts are underway to test latency reversal agents that reactivate HIV-1 to expose latently infected cells to pharmaceutical and/or immunological elimination, the so-called shock and kill strategy. Many kill strategies incorporate aspects of the host immune response to destroy these cells. Cure studies would be greatly facilitated by a small animal model that could be infected with HIV-1, establish a reservoir of latently infected cells, undergo ART for sufficient time to suppress viremia, and then survive in a healthy state long enough to evaluate shock and kill approaches. Additionally, animals provide significantly greater sensitivity over in-vitro assays in the ability to detect remaining latent infection. In cases where the latent reservoir has been reduced but not eliminated, it could take significant time following treatment interruption for residual virus to emerge from latency, so longlived models are essential.
BLT-humanized mice can be treated with ART to establish latent HIV-1 infections [1, 2] and, importantly for cure studies, they also develop HIV-1-specific immune responses [3, 4] . Another advantage of BLThumanized mice is that up to 50 mice can be reconstituted with tissue from a single human donor, providing sufficient number of animals for statistically powerful studies. Although BLT-humanized mice are the best model for HIV-1 studies in most respects, they have a major drawback. Coincident with human reconstitution, BLT mice often develop graft versus host disease (GVHD) and begin to die around 22 weeks posthumanization [5] . This time limitation represents a major obstacle in the use of BLT mice for cure studies [6] . To avoid GVHD issues, humanized mice such as T-cell-only reconstituted mice, have been developed to study latency [7] . However, such mice lack B-cell responses and human macrophages, which may be an important reservoir for HIV-1 [8] .
Here, we investigate the utility of C57BL/6 Rag2 À/À g c À/À CD47 À/À triple knockout BLT (TKO-BLT) mice, which are resistant to the development of GVHD [4] , to study long-term ART suppression of HIV-1. TKO-BLT mice develop high-levels of multilineage hematopoiesis with organized lymphoid tissues and have an intact complement system. They exhibit hallmarks of human HIV-1 infection including CD4 þ T-cell depletion and immune activation. Infection is characterized by transient high-level viremia that is resolved to low levels, broad HIV-1-specific T-cell responses and low but detectable virus-specific immunoglobulin G (IgG) responses [4] . Previously, TKO-BLT mice showed no signs of GVHD out to 29 weeks after humanization [4] . The current study extends this to 45 weeks in mice generated from numerous human donors and includes 6 weeks of infection before initiating an 18-week regimen of oral ART to suppress HIV-1 followed by 4 weeks of therapy interruption. The results indicate that the TKO-BLT mouse is a practicable model in which to study HIV-1 cure strategies. Following the time to establish an HIV-1 reservoir and achieve virus suppression by ART, the mice survive at least another 5 months in a healthy state, sufficient time to rigorously test cure strategies. Given that the mice remained well reconstituted and healthy at the final time point, experiments may be extended even further. 
Materials and methods

Ethics statement
CD47
À/À (TKO) mice were humanized using the BLT method as previously described [4, 9] . Briefly, 6-10-week-old mice were irradiated and transplanted with 17-22-week gestation human thymus and liver followed by injection of autologous liverderived CD34
þ hematopoietic progenitor cells. Animals were housed under specific pathogen-free conditions.
HIV-1 challenge and antiretroviral therapy HIV-1 stocks (strain JR-CSF) were prepared as previously described [4] . Intraperitoneal infections were one time, 100-ml injections of 10 000 tissue culture infectious units (TCIU). Liquid formulations of tenofovir disoproxil fumarate (TDF), emtricitabine (FTC) and dolutegravir were provided by Gilead Sciences (Foster City, California, USA) and administered daily by subcutaneous injection. Tablets of TDF, FTC, and raltegravir (RAL; Merck & Co., Kenilworth, New Jersey, USA) were crushed and formulated with TestDiet 5B1Q feed as previously described [10] . Briefly, powdered TDF, FTC, and RAL were incorporated into TestDiet 5B1Q irradiated feed pellets at a final concentration of 720 mg/kg TDF, 520 mg/kg FTC, and 4800 mg/ kg RAL.
Isolation of plasma and human leukocytes
Blood was collected in ethylenediaminetetraacetic acid (EDTA) and centrifuged to obtain plasma. Blood leukocytes were purified using red blood cell Lysis Buffer (BioLegend, San Diego, California, USA). Splenocytes and thymic organoid cells were obtained by passage through 100-mm filters and bone marrow was flushed from femurs and tibias prior to lysis with (NH 4 Cl 0.15 M, KHCO 3 10-mm, EDTA 0.1 mol/l). CD4 þ splenocytes used for proviral quantification were preenriched using positive selection (Miltenyi, San Diego, California, USA).
Flow cytometry
Leukocytes were stained using CD3-V450, CD4-allophycocyanin (APC), CD45-V500, CD123-phycoerythrin, and lin- 
Statistics
Statistical calculations were performed using GraphPad Prism (GraphPad Software, La Jolla, California, USA).
Results
Triple knockout-BLT mice sustain long-term human engraftment and HIV-1 infection To assess the durability of human engraftment in TKO-BLT mice, blood was analyzed at 12, 35, and 45 weeks posttransplant (wpt). Increasing frequencies of human leukocytes (hCD45 þ ) were observed over the 45-week period (Fig. 1a top) but the absolute number of human leukocytes remained stable between 12 and 45 wpt peaking at 35 wpt (1.5 Â 10 6 /ml; Fig. 1a bottom) . This suggested that the human compartment remained stable and the residual mouse myeloid compartment was gradually lost. Over time, total T cells (CD3 þ ) increased with slightly higher proportions and numbers of CD4 þ cells and lower CD8 þ cells (Fig. 1a top) . The loss of B cells (Fig. 1a top) between 12 and 35 wpt is characteristic of TKO-BLT mice [4] and is likely because of the earlier release of B cells into the periphery compared with T cells, which first migrate and mature within the human thymic organoid. However, the overall reduction in Bcell numbers (Fig. 1a bottom) suggests that the murine mileu is insufficient for the maintenance of a robust B-cell compartment, which is a concern in BLT-humanized mice [12, 13] . It is interesting but unclear why B-cell numbers slightly rebounded between 35 and 45 wpt. At study termination (45 wpt), spleens were harvested and analyzed. Cell frequencies (Fig. 1b , top) and absolute numbers (Fig. 1b, bottom) for individual mice were variable, but all spleens contained at least 10% human leukocytes and $4 Â 10 6 human cells/spleen. CD4 þ to CD8 þ T cells ratio averaged 2 : 1, typical of this model [4] . Spleens at 45 wpt contained an average of 6 Â 10 6
CD4
þ T cells, providing ample cell numbers to support HIV-1 infection and to detect ca-vRNA or HIV-1 viral DNA (vDNA) with reasonable sensitivity in individual mice. In addition, lineage negative, HLA-DR hi CD11c þ myeloid and CD123 þ plasmacytoid dendritic cells remained detectable at 45 wpt. Overall, TKO-BLT mice maintained high-levels of human engraftment over 45 weeks with no clinical signs of GVHD.
TKO-BLT mice were next assessed for their ability to support HIV-1 infection over an extended period. Groups of TKO-BLT mice were infected with HIV-1 JR-CSF at 12 wpt and all sustained p24 antigen in plasma over 22 weeks of infection (Fig. 1c) . Starting at 7 weeks post infection (wpi), antigenemia remained relatively stable with no significant decline over 15 weeks, suggesting that peak viremia had resolved and the proviral reservoir was established by 7 wpi. In summary, TKO-BLT mice remained healthy, maintained highlevels of human engraftment, and supported HIV-1 infection over the extended periods required to test cure strategies.
Daily-injected antiretroviral therapy regimens suppress viremia and cell-associated viral RNA Cure studies require viremia suppression below a stringent limit of detection (LOD) for a period of time sufficient to establish latency. Previously, small plasma volumes from mice restricted the LOD to 800 copies of vRNA/ml. Now more sensitive kits permit a LOD of 140 copies/ml. Reduction of vRNA to levels below this LOD indicate that latent HIV-1 provirus remains as the primary source of virus upon therapy removal. As depicted in Fig. 2a , mice were infected with HIV-1 JR-CSF for 6 weeks. At 6 wpi mice were distributed into treatment groups with relatively equivalent levels of plasma vRNA. Half of the mice received a daily subcutaneous regimen of ART and half received control injections. Viremia was monitored for up to 6 weeks of therapy and in some groups therapy was removed to assess for recrudescence as diagrammed (Fig. 2a) . Four ART regimens were selected based on preliminary pharmacokinetic data from C57BL/6 and TKO-BLT mice to determine dose ranges that would provide efficacious plasma drug levels (data not shown). The lowest dose regimen, Regimen 1, achieved significant suppression of viremia compared with MOCK controls after 14 days of administration but did not suppress vRNA below the LOD that would be required for cure studies. Continued treatment for an additional 2 weeks did not further reduce viremia so the group was terminated at day 28 (Fig. 2b) . Mice receiving Regimen 2 achieved plasma vRNA levels below the level of 800 copies/ml reported in other humanized mouse studies [1, 10, [14] [15] [16] [17] [18] by day 14 and became undetectable by the more sensitive assay employed in our study by day 28 (Fig. 2c) . Suppression was maintained until day 42 when the mice were removed from therapy to test for recrudescence. Viremia recrudesced to untreated levels 2 weeks later (day 56, Fig. 2c ). We expected higher dose regimens to drop viremia below the 140 copies/ml LOD even more quickly than Regimen 2 but this was not the case. The original Regimen 3, (Regimen 3a), produced rapid but no better suppression of viremia than regimen 2 by day 14 (Fig. 2d ) and mice receiving this dosage showed minor signs of toxicity. Thus, the dosages of FTC and dolutegravir were cut in half on day 21, which alleviated the toxicity and reduced viremia below 140 copies/ml after an additional 2 weeks of administration (Fig. 2d) . Therapy interruption at day 36 in all the treated animals resulted in recrudescence to levels similar to untreated by day 56 (Fig. 2d) . Surprisingly, the highest dose Regimen, Regimen 4, did not prove to be more effective so therapy was discontinued at day 21 and the mice were euthanized at day 36, after virus recrudescence (Fig. 2e) . Thus, the daily subcutaneous ART regimens varied in their ability to suppress viremia below stringent LODs in TKO-BLT mice, with Regimen 2 appearing optimal among the doses tested. Removal of ART-therapy resulted in rapid viral recrudescence in TKO-BLT mice even when plasma vRNA levels were below the LOD.
Humanized mouse models have the advantage of access to organs to assess the effect of treatments on tissue vRNA levels. To evaluate ca-vRNA in the tissues, TKO-BLT were infected for 8 weeks prior to receiving daily subcutaneous doses of the most efficacious regimen, harvested from mice treated for 4 weeks with Regimen 2. CD4 þ T cells from some mice were combined to obtain sufficient material for the ca-RNA assay. Vertical shading denotes periods of ART administration in the treatment group, vertical dotted lines indicate points where there were changes in the treatment protocol. Horizontal shading highlights the previously reporting limit of detection of 800 copies/ml (light grey) and the more stringent limit of detection of 140 copies/ml used in this study (dark grey). Horizontal bars denote the mean and single points represent the mean AE SEM at each time point. ÃÃÃÃ P < 0.0001, ÃÃÃ P < 0.001 unpaired t-test at the indicated time point.
Regimen 2, for 4 weeks. After treatment tissues were assessed for ca-RNA levels. HIV-1 ca-RNA was detectable but significantly decreased in treated mice compared with untreated mice (Fig. 2f) . Thus, daily subcutaneous ART decreased but did not eliminate tissue vRNA despite suppression of viremia below detectable levels. This result is similar to what is seen in humans [19] and other humanized mouse models [16] .
HIV-1 suppression in triple knockout-BLT mice using antiretroviral therapy-supplemented mouse chow As daily subcutaneous injections are labor intensive over the extended periods required to perform cure studies and sharp use is contraindicated when working with HIV-1, we next sought to induce HIV-1 latency using a previously reported free-fed, ART-supplemented mouse chow formulation [10] . As illustrated in Fig. 3a , mice were infected and infection was allowed to progress for 6 weeks. At 6 wpi, mice were assigned to either ARTtreated (ART FOOD) or untreated (MOCK) groups based on equivalent levels of plasma p24 (Fig. 3b) . After 4 weeks of treatment (10 wpi) the mice were tested for viremia and half the mice in each group were euthanized to assess splenic vDNA (Fig. 3a) . Viremia was significantly suppressed in the treated animals compared with controls with seven of ten mice below the LOD of 800 copies/ml and five below 300 copies/ml (Fig. 3c left) . The mice receiving ART also had significantly less vDNA in CD4 þ T cells harvested from spleen compared with untreated animals after 4 weeks of therapy (Fig. 3c right) . To assess recrudescence following treatment interruption, the remaining mice were changed back to regular mouse chow for 2 weeks (Fig. 3a) . Mice that had received ART all recrudesced and had vRNA and vDNA levels similar to the untreated group (Fig. 3d) . Therefore, oral ART suppressed viremia in TKO-BLT mice while maintaining a detectable vDNA reservoir capable of reestablishing viremia upon treatment withdrawal.
Oral antiretroviral therapy in HIV-1-infected triple knockout-BLT mice prevents T-cell depletion and inversion of the CD4
R : CD8 R ratio Ideally, a model for HIV-1 cure studies would replicate the immunological benefits of ART, primarily the preservation of CD4 þ T-cell counts and a high CD4 þ : CD8 þ ratio. To assess these parameters in TKO-BLT mice receiving oral ART, we examined the blood cell frequencies (Fig. 4a) and counts (Fig. 4b) of ART-treated compared with untreated animals. Blood was tested prior to ART initiation at 6 wpi, at the end of ART at 10 wpi, and 2 weeks after treatment interruption (12 wpi). Cell frequencies and counts of human leukocytes (hCD45 þ ), CD3 þ T cells, CD4 þ and CD8 þ T cells, and CD19 þ B cells were all similar between groups at the initiation of ART (Fig. 4a and b) . þ enriched spleen cells (right panel) from mice at 12 wpi that had either never received ART (MOCK) or that had received ART for 4 weeks and then had it withdrawn for 2 weeks to assess viral recrudescence (ART FOOD). Horizontal bars denote mean. Horizontal shading demarks limit of detections of 800 copies/ml (light grey) or 300 copies/ml (dark grey). ns¼not significant, ÃÃÃ P < 0.001, ÃÃÃÃ P < 0.0001 unpaired t-tests.
Overall human cell frequencies were significantly higher in ART-treated animals at the end of 4 weeks of therapy (10 wpi), as were CD4 þ T-cell frequencies (Fig. 4a) . Notably, within the CD3 þ T-cell compartment the CD4 þ frequency remained high compared with the CD8 þ T-cell frequency, that is, there was a higher CD4 þ : CD8 þ ratio of 2.52 AE 0.28 in the ART group compared with the untreated group (ratio of 1.52 AE 0.62) (Fig. 4a) . Similarly, at the completion of ART at 10 wpi, cell counts had significantly increased for all cell types in treated mice compared with untreated mice, including B cells, which was surprising as this cell type is not a target for HIV-1 and typically declines over time in TKO-BLT mice even in the absence of infection (Fig. 1a) . These increases appeared related to viral suppression as within 2 weeks of ART withdrawal cell numbers had declined and were no longer significantly different from untreated HIV-1-infected animals (Fig. 4b) .
Next, we examined the effect of oral ARTon the frequency and number of CD4 þ T cells in spleen. Mice after 4 weeks of ART (at 10 wpi) contained significantly higher frequencies and numbers of CD4 þ T cells in spleen compared with untreated mice (Fig. 4c ), indicating that ART had penetrated the tissues and suppressed HIV-1. Evaluation of spleens 2 weeks after ART interruption (12 wpi) showed that while frequencies of CD4 þ T cells remained higher than untreated mice, the cell counts had declined and were no longer different from controls (Fig. 4d) . Overall, the results demonstrated that oral ART in the TKO-BLT model afforded immunological benefits in both blood and tissues analogous to those seen in humans. The human hematopoietic graft and latent HIV-1 reservoir is maintained over extended periods of antiretroviral therapy-mediated viral load suppression in triple knockout-BLT mice Previous humanized mouse studies reported administration of ART for periods of 14 weeks with no assessment of virus recrudescence [15] or for 9 weeks followed by virus recrudescence for 3 weeks [18] . To determine if we could significantly extend these periods in our model we administered ART to mice at 4 wpi, and continued therapy for 18 weeks, followed by treatment interruption for 4 weeks. Viremia was monitored as shown in Fig. 5a . HIV-1 viremia declined to below 200 copies/ml in 29 of 47 mice and below 800 copies/ml in 43 of the 47 mice after 4 weeks of treatment (Fig. 5a, 8 wpi) . After 18 weeks (22 wpi) only two of 22 mice had viremia above 800 copies/ml and 16 of 22 had levels below the 200 copies/ ml LOD. The two mice above 800 copies/ml at 22 wpi had both been undetectable at previous time points and may have been undergoing viral load 'blips' similar to those seen in ART-treated human patients [20] . Further optimization of the ART dose in chow will be required to determine if the percentage of mice below the more stringent LOD can be increased or if viral suppression can be achieved more quickly. The reduced number of mice at 22 wpi was not a result of mortality but assignment of half of the mice to a separate study. The reassigned mice had equivalent virus suppression levels (data not shown).
After 18 weeks on ART (22 wpi), half of the mice were euthanized for analysis and half underwent treatment interruption for 4 weeks to assess viral recrudescence. Viremia increased to pretherapy levels after 2 weeks (24 wpi) and remained high after 4 weeks (26 wpi) without ART. At that point, the remaining mice were euthanized for tissue analysis (Fig. 5a, 26 wpi) . HIV-1 DNA in the CD4 þ splenocytes of mice was significantly reduced immediately after 18 weeks of ART (22 wpi) compared with mice that underwent ART interruption for 4 weeks (Fig. 5b, 26 wpi) . Two mice at 22 wpi, þ T cell and CD4 þ /CD8 þ T-cell subset frequencies in spleens from HIV-1 negative mice (n ¼ 5), ART-medicated mice after 18 weeks of treatment (22 wpi, n ¼ 11) and after an additional 4 weeks of discontinued ART (26 wpi, n ¼ 10). Mean AE SD. Each symbol represents an individual mouse.
immediate posttherapy, had vDNA levels below the assay's LOD but all mice undergoing ART interruption had detectable cellular vDNA and plasma vRNA. These results indicated that, as in humans, ART did not purge the latent HIV-1 reservoir from the mice (Fig. 5a, b) . Assessment of the number of human leukocytes in the spleens at 22 and 26 wpi (Fig. 5c ) and the frequency of total CD3
þ , CD4
þ , and CD8 þ T-cell splenocytes (Fig. 5d) revealed no significant differences compared with HIV-1 negative controls. At the time of euthanasia, all mice appeared healthy.
These data demonstrated that TKO-BLT mice administered oral ART over an extended period of 18 weeks followed by treatment interruption and viral recrudescence to a total of 26 weeks of infection (39-43 weeks posthumanization) not only remain healthy and well engrafted with a high CD4 þ : CD8 þ ratio but are able to achieve long-term viral suppression and significant contraction, but not loss, of the HIV-1 proviral reservoir that rapidly reactivates upon therapy removal.
Discussion
HIV-1 cure strategies require a small animal model that recapitulates latent HIV-1 infections in humans being treated with ART. Humanized mice have become well established for the study of HIV-1 infection and testing of therapeutics [21] . They are particularly valuable for studies that rely on both an authentic HIV-1 infection and/or a genuine human immune system [6] . The BLT method of humanization produces robust multilineage reconstitution in multiple lymphoid tissues complete with innate and adaptive immune responses. HIV-1 infection in the humanized mouse simulates human infection, including high virus titers, tissue dissemination, proviral reservoir seeding, immune dysfunction, and CD4 þ T-cell loss [22] .
The utility of BLT-humanized mice has been shown for in-vivo studies evaluating the cell types harboring latent virus [7, 8, 23] , the role of interferon in reservoir size and persistence [18] , the ability of a histone deacetylase inhibitor to reactivate latent HIV-1 [17] as well as shortterm evaluations of reservoir purging strategies [10, 16] . However, the failure of these mice to thrive in long-term experiments has restricted their utility for cure studies. Here, we demonstrate that using TKO-BLT mice allows the extension of studies for more than 4 months longer than previously reported in other BLT models. This longevity makes it feasible to test cure therapies in immunologically competent and healthy mice that survive and remain highly reconstituted with human cells for at least 45 weeks posttransplantation. As the mice remained healthy at study's end suggests that experiments may be extended even further.
In summary, we demonstrate that upon HIV-1 infection of the TKO-BLT mouse, subcutaneous or oral ART can be administered to suppress viremia below stringent LODs and that viral suppression results in CD4 þ T-cell count recovery similar to that seen in humans. Additionally, the mice contain abundant cells for ex-vivo analysis such as assessing latency reversal agentinduced ca-RNA increases or therapeutic reductions in provirus. Importantly, HIV-1 recrudesces rapidly after ART interruption facilitating observations of delays in recrudescence because of interventions that reduce viable provirus and serves as the most stringent test for functional cure. Finally, the immune responses in this model [4] make it suitable to test strategies that utilize endogenous immune-modalities to clear the HIV-1 reservoir, particularly when such experiments require extended timelines.
